We tested a method of measuring DNA content (Feulgen) and tritiated thymidine ([31-4-T) and bromodeoxyuridine (BrdU) incorporation by the same cell. Initial experiments showed that Feulgen hydrolysis denatured the DNA of fued cells sufficimtly to allow detection ofincorporated BrdU with monoclonal antibodies. MCa-11 cells were then doublelabeled with [3H]-T and BrdU, p l a d on slides, and Feulgen stained. Next, absorption cytometry was performed to measure the DNA content of randomly selected cells. Feulgen staining and the development and removal of either the r31-4T or the BrdU grains after DNA measurements did not
Introduction
The tritiated thymidine ([3H]-T) labeling index has been used for estimation of the proportion of S-phase cells in asynchronous cell populations (1) . Many investigators have recently found bromodeoxyuridine (BrdU) labeling to be as reliable as labeling with [3H]-T (2-9). Monoclonal antibody (MAb) techniques for detection of BrdU have the advantages of simplicity and speed over standard autoradiography. The BrdU and [3H]-T labeling indices are identical in matched cell populations, and BrdU is incorporated into the majority of cells with S-phase DNA content when measurements are made by bivariate flow cytometry (6) (7) (8) (9) (10) .
In the present study we used a static cytophotometer with a computerized scanning stage to measure the DNA content, BrdU grains, and [ 3H]-T grains of the same cells. Feulgen hydrolysis and Schiffs staining did not interfere with the subsequent detection of either the BrdU or the [3H]-T probe. In addition, when we examined individual cells we found that BrdU is incorporated into the same S-phase cells as [3H]-T.
These results directly confirm that BrdU and 13H]-T can be used reliably for labeling of S-phase cells and that the rapidly performed BrdU-labeling technique can be combined with image analysis DNA measurements on the same cells. This ability of image analysis to measure the DNA content and S-phase labeling of the same cells should allow new insights into the growth kinetics of heterogeneous tumor cell populations.
Materials and Methods
Cell Culture and Labeling. MCa-11 cells (a transplantable mouse mammary carcinoma line) were grown in exponential monolayer cultures in Eagle's basal medium (Gibco; Grand Island, NY) supplemented with 10% fetal calf serum (Gibco), penicillin, and streptomycin. Separate sets ofcultures were labeled with either ['HI-T or BrdU alone, double-labeled first with ['H]-T and then with BrdU, or double-labeled in the reverse order. For ['HI-T labeling the cultures were incubated in 0.25 pCi/ml of [3H]-T (81 Cilmmol) (Amersham; Arlington Heights, IL) for 10 min, followed by three cold washes with complete medium. BrdU labeling was accomplished by placing the cells in 100 pmol/liter of BrdU (Sigma; St Louis, MO) for 60 min. The cells were then harvested by mild trypsinization, fixed with modified Carnoy's solution (methanokacetic acid 3:1), dropped onto slides, and flame-dried. The slides were then allowed to air-dry for 3 days.
Measurement of Cell DNA Content. Feulgen staining was performed by hydrolysis in 4 N HCI with 30% polyethylene glycol (w/v) for 1 hr at 28'C, followed by staining in Schiff's reagent (Sigma) for 1 h a t room temperature (RT) (11) . Random fields of interphase cells were mapped on a computerized scanning stage and the DNA content of the mapped cells was measured with a Vickers M85 microdensitometer (Vidcers; Malden, MA) at 580-604 nm, with a 0.4 pm scanning spot and 2% instrument glare (11). Integrated absorbances were corrected with the absorbances of chicken erythrocytes on the same slides, which allows direct calculation of cell DNA values.
Development and Measurement of BrdU Grains. The double-stranded DNA of the cells fixed onto the slides had been denatured previously in 4 N HCI in a 28'C water bath for 1 hr during the Feulgen-staining process.
After measurement of cell DNA content, the slides were processed through successive washes ofxylene, 95% ethanol, 70% ethanol, and distilled water, followed by treatment with 0.025% trypsin (Gibco) in 0.2 M Tris, pH 7, in a 37'C bath for 5 min. The slides were then washed in two changes of PBS with 1% bovine serum albumin (BSA) (Sigma) and 0.1% sodium azide, with 1% heat-inactivated goat serum (Gibco) added to reduce background grains. The excess PBS was wiped off and a few drops of 5% heatinactivated goat serum were placed over the cells for 20 min at RT. The goat serum was then shaken off and the cells were covered with three drops of a 1500 dilution in PBS of mouse anti-BrdU MAb (primary antibody) (Jannsen Life Sciences; Piscataway, NJ) and incubated in a humidified 37'C chamber for 1 hr.
After three washes in PBSIBSA, the cells were covered with three drops, at 1:lOO dilution in PBS, of gold-conjugated secondary antibody (goat antimouse IgG + IgM) (BioCell; Phillipsburg, NJ) and incubated in the humidified 37°C chamber for 1 hr. The slides were then washed thoroughly with three changes of PBS/BSA, followed by three changes of distilled water. TWO drops of a 1:l mixture of silver enhancer and initiator solution (Bio-Cell) were then applied to the cells. The development of the silver grains was monitored with a microscope at x400 magnification. Development was terminated by immersion of the slides in distilled water when the labeled nuclei were clearly covered with the brown-black grains and before the appearance of nonspecific background grains over all cells. The development time was usually 5-8 min. If the Feulgen staining of the cells faded during the BrdU grain processing, the cells were counterstained with nuclear fast red (Sigma; CI 60760).
The cells were then relocated and the grain areas over each of the nuclei were measured cytophotometrically at 625 nm with a 0.1 threshold of absorbance. Under these conditions the Feulgen and nuclear fast red stains are not detected (12) . After measurement of BrdU grain areas, the BrdU grains were removed by sequential 5-min washes in 7.5% potassium ferricyanide and 20% sodium thiosulfate, followed by three rinses in distilled water.
Autoradiographic Detection of [3H]-T Grains. After the BrdU grains were removed, the slides were dipped in NTB-2 emulsion (Easunan Kodak, Rochester, NY) and exposed for 1 week, followed by autoradiographic development. The previously mapped nuclei were then relocated and the arcas ofthe [3H]T autoradiographic grains over each nucleus were also measured at 625 nm with a 0.1 absorbance threshold. In some experiments the [3H]-T grains were developed and measured before the BrdU grains. In these cases the [3H]-T grains were removed by successive washes in ferricyanide and thiosulfate as described above, followed by a wash in 0.025 % trypsin in 0.2 M Tris, pH 7, in a 37'C bath for 5 min to remove the autoradiographic emulsion. These slides were then processed for detection of BrdU grains.
Determination of Labeling Thnsholds, The proportion of the nuclear area covered with BrdU and ['HI-T autoradiographic grains (grain area proportion, GAP) was calculated by a microcomputer for each nucleus. For each slide an appropriate labeling threshold or GAP value was selected for discriminating between nuclei labeled by BrdU or [3H]-T incorporation due to replicative DNA synthesis and nuclei labeled for other reasons (13) . Briefly, this was done as follows (14) . The GolGl peak for MCa-11 cells is at 11 pg of DNA and the G2 peak is at 22 pg. Therefore, cells with DNA content between 10 and 12 pg are predominantly in GdGi-phase, cells with DNA content between 15 and 18 pg are predominantly in mid-S-phase, and cells with DNA content between 21 and 24 pg are predominantly in Gz1Mphase. The labeling percentages of BrdU-or [3H]T-labeled cells with mid-S, GI, and G2 DNA content are plotted as a function of their GAP values.
As lower GAP values are approached in such plots, the percentages of labeled mid-S-phase, GolGI, and G2 cells reach a plateau (14) . At still lower GAP values, the percentage of labeled GolGl and G2 cells increases dramatically due to other causes of labeling, such as nonspecific background grains, incorporation into or sticking of labeled DNA breakdown products to the cells, and unscheduled DNA synthesis (12) (13) (14) . Therefore, to select a labeling threshold for identification of cells that are labeled predominantly by replicative DNA synthesis, we chose a GAP value low enough to be within the labeling plateau for the mid-S, GolGi, and G2 cells, but above the threshold value that leads GolGl and G2 cells with nudm grains from other causes to be classified as labeled (14) . This method of selecting the labeling thresholds is effective for tumor cell populations made up of multiple aneuploid stemlines (14) .
Statistical Analysis. We used chi-square analysis with Yates' correction and Fisher's exact test (for small expected frequencies) to compare the proportions of labeled cells at different intervals of DNA content and under different experimental conditions.
Confidence intervals were calculated for proportions based on a normal distribution for most cases, and a binomial distribution for cases involving small sample sizes or extreme proportions (near 0 or 1).
Results
Preliminary experiments showed that simultaneous labeling with BrdU and [3H]-T led to interference with the incorporation of both probes (data not shown). We also found that sequential labeling with either the [3H]-T or the BrdU probe led to clearly identifiable populations of labeled and non-labeled cells (data not shown).
We found no significant differences in the BrdU 
Probability for significant differences in the proportions of mid-S-phase cells labeled with either BrdU and [)H]-T alone or with both compounds in differing
order. * Not significantly dfferent. 
Probability that the proportions of double-labeled, single-labeled, and unlabeled mid-S-phase cells would differ significantly in cultures treated first with BrdU
and then with 13HI-T or in reverse order. * Not significantly different. Table 3 
. BrdU and r3Hl-T labeling of a wide range of S-phase cells (13-20 pg)
Culture treatment double-treated cells in mid-S-phase were labeled with both BrdU and [3H]-x 3% of these cells were labeled with only one compound, and only 2% of the mid4 cells were unlabeled ( Table 2) . Nevertheless, there was a slight increase (3-4%) in the percentage of mid4 cells labeled by the compound that was administered first (Tables 1 and 2), although not enough cells were measured to enable us to confirm or reject this as a statistically significant difference. More than 92% of the cells within a larger interval of DNA content containing predominantly S-phase cells (13-20 pg) showed both [3H]-T and BrdU labeling (able 3).
The labeling thresholds in these experiments were selected for detection of cells that had incorporated [3H]-T or BrdU because of replicative DNA synthesis (14) . By using the labeling thresholds thus selected, we found that the BrdU and [3H]-T labeling of GoIGI-, G2-, and mid-S-phase cells in double-treated cultures were essentially identical and independent of the order of labeling (Table 4). These results directly confirm that the method wed for selecting the labeling thresholds gives consistent results for both BrdU and [ 3H]-T, and that these two DNA precursors are incorporated by the same cell populations.
It was necessary to determine whether any nonspecific crossdevelopment of BrdU or [3H]-T grains occurred when the other label was developed and degrained first. If the labeling patterns observed are truly specific for incorporation of the DNA precursors into DNA, then, in a mixture of cells single-labeled with either BrdU or [3H]-T, no cells should develop positively for both BrdU and [ 3H]T. grains. On the other hand, if the processing or degraining step for one of the labels leads to nonspecific grain formation over these cells during subsequent processing for the other Table 5 label, then a considerable number of double-labeled cells would be observed for the cells that had been incubated with only one of the DNA precursors. To test this we placed cells from a mixture of BrdU and [3H]-T single-treated cells on slides. Five hundred randomly selected cells on one slide were mapped and first developed and measured for BrdU, then degrained with ferricyanide thiosulfate, and finally developed and measured for [3H]T grains. A second group of 301 cells on another slide was processed in the reverse order, i.e., first developed and measured for [3H]-T grains, degrained with ferricyanide thiosulfate and mild trypsinization, and then developed and measured for BrdU grains. The combined results for all 801 cells are shown in liable 5 , where it can be seen that only one of the 801 cells was read as being labeled with both BrdU and [3H]-T. Therefore, degraining of BrdUor [3H]T-labeled cells and subsequent development for the other type of grains does not result in nonspecific development of grains for either label.
. Degree of nonspec@ BrdU or PH1-T grain cross-development in single-treated MCa-11 cells"
In most experiments we preferred to develop for BrdU grains before [3H]-T grains because the removal of the autoradiographic emulsion with trypsin occasionally caused cell loss.
The duration of the BrdU pulse was 50 min longer than that of the [3H]-T pulse. Therefore, one would expect a higher percentage of cells with early S-phase DNA content (12-14 pg) to be labeled with BrdU for cultures treated first with [3H]-T, because during the subsequent hour of BrdU incubation additional cells would progress into early S-phase from G1 and therefore would be labeled with BrdU alone. This was indeed the case: a significantly lower Table 4 Table 6 ).
. Companion of BrdU and PH1-T labeling of GI-, mid%, and Gz-phase cells in MCa-11 cultures hbeled with BrdU and r3H]-T
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Discussion
Since the development of a monoclonal antibody to BrdU by Gratzer in 1982, many methods have been devised to idenufy BrdU-labeled S-phase cells with immunoperoxidase, immunofluorescence, or avidin-biotin complexes (2, 1548) . Early studies showed that BrdU is as accurate as [3H]-T in providing estimates of S-phase fractions in labeling-index assays and by bivariate flow cytomeuy (3) (4) (5) (6) (7) 10, 19) . Other investigators measured [3H]-T and BrdU incorporation simultaneously and found that the same cells develop positively for both precursor analogues (5, 6, (20) (21) (22) (23) . To our knowledge, the present work is the first in which DNA content as well as BrdU and [3H]-T incorporation has been measured for the same cells. We were unable to label cells simultaneously with BrdU and [ 3H]-T, perhaps because both of these precursor analogues are incorporated into DNA by the salvage pathway and may have competitive binding for thymidine kinase (20, 21) . Additional evidence for interaction of the [3H]-T and BrdU probes with thymidine kinase was obtained in the sequential labeling experiments, in which a slight although statistically insignificant increase in mid-S-phase labeling was seen for whichever compound was administered first (Tables 1 and 2 ). However, the magnitude of this effect was small, with only a 3-4% difference in mid-S-phase labeling observed in these sequential experiments.
Therefore, the use of sequential labeling with both of these probes in either order was successful in labeling almost all S-phase cells (Tables 1-6 ). This enabled us to confirm directly on an individual-cell basis that BrdU is as accurate as [3H]-T in identifying MCa-11 cells engaged in replicative DNA synthesis (Tables 1-6 ). Further experimental work is required to determine whether or not the specific labeling conditions used in these experiments for successful labeling of the MCa-11 cells will be equally effective for other types of cells.
Sequential labeling with [3H]-T and BrdU still allows the use of this double-label technique for kinetic experiments in which the traverse of labeled S-phase cells through the cell cycle is measured. For this purpose, one set of slides is prepared immediately after application of the first probe, and separate slides are prepared immediately after labeling with the second probe (14, 24, 25) . Separate labeling thresholds are then determined from these "time 0" BrdU-and [3H]-T-labeled slides (see Materials and Methods). These "time 0" labeling thresholds are used to identlfy the BrdU and [3H]-T-labeled cells progressing through the cell cycle at later experimental time points (25). If the labeling thresholds are set appropriately, the progress of the labeled cohorts of S-phase cells can be followed for at least one cell cycle in single- (14, 24) and double-label (25) kinetic experiments.
The silver-enhanced immunogold method we employed to identlfy BrdU-labeled cells was adapted from that of Meyer and Coplin (8) , who pointed out that this method has the advantages of a much shorter processing time (1-2 days) than the 1-2 weeks required for [ 3H]-T autoradiography, no need for a fluorescence microscope, and superior visualization of BrdU-labeled cells compared to that with the avidin-biotin-immunoperoxidase method. We also found that the silver-enhanced immunogold grains can be removed readily by a ferricyanide wash, thus allowing the sequential development of [3H]-T grains by autoradiography.
A new finding in the present study is that Feulgen hydrolysis can be used to unmask the BrdU probe, allowing the detection of incorporated BrdU by MAb even after Schiff's staining. This makes possible the rapid performance of image analysis DNA and BrdU measurements, and may therefore be of value for studies of the growth kinetics of tumor cells in solid cancers. The microscopebased image-analysis method of measurement allows morphological selection of cancer cells from the non-transformed stromal cells and their separation from the particulate debris often present in cell suspensions of disaggregated solid tumors (26). Elimination of overlapping, non-transformed stromal cells from the tumor cell DNA distribution allows objective selection of appropriate labeling thresholds for the tumor cells (see Materials and Methods) (14) . This ability to selectively measure only the cancer cells in such heterogeneous cell mixtures may give more accurate values for tumor cell-cycle parameters than are obtained by bivariate flow cytometry (7, 10) , because the latter cannot distinguish the cell types on which the DNA and BrdU measurements are performed.
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